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Abstract 
The reliable design of an industrial cast part requires the evaluation of high cycle fatigue strength as well as fatigue 
life. In this study A357-T6 aluminum alloy cast structures have been subject to constant amplitude loading fatigue 
tests with a load ratio R=0.1. An analysis of the microstructure of the material has been performed in order to estimate 
the Secondary Dendrite Arm Spacing (SDAS). The macroscopic crack initiation has been identified by a Dye 
Penetrant Liquid surface examination. The resulting fracture surfaces are analyzed through Scanning Electron 
Microscopy (SEM) analysis in order to identify the initiation site at a microscopic scale. A multiaxial fatigue criterion 
has been proposed in order to take into account the stress gradient effect at the scale of the structure. The proposed 
criterion has been implemented in finite element simulations of the component in order to estimate fatigue life. This 
approach has been compared with a traditional criterion based on the analysis of the local stress at the hotspot. 
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1. Introduction 
An appropriate evaluation of fatigue life of cast components needs the knowledge of several parameters. Thus, it is 
necessary to use a multiaxial fatigue criterion capable to predict the influence of parameters such as the stress gradient 
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and the surface integrity (microstructure, roughness and residual stresses). These effects have to be taken into account 
in the transfer of fatigue data from specimen to the component. 
Different approaches are reported in literature in order to predict the fatigue life of structural components. The 
critical layer design criterion, for example, proposed by Flavenot and Skally [1], is based on the assumption that the 
fatigue crack initiation is the consequence of shear stress acting on unfavorably oriented crystallographic planes in a 
polycrystalline material. Sonsino et al. [2] proposed a more pragmatic approach based on the idea that fatigue failure 
initiating at discontinuities is not restricted to the component surface but also includes a material region below the 
surface, this region has been identified as the volume where the maximum local stress-strain is greater than 90% of 
the maximum stresses and strains. More complex multiaxial fatigue criteria are based on energy considerations such 
as the one proposed by Palin-Luc and Lasserre [3-6]. In this model the authors propose to use the concept of volume 
influencing fatigue crack around the critical point with regard to fatigue crack initiation. 
Casting structures are characterized by complex geometry that often leads to regions with stress concentrators. It is 
known that to initiate a crack the stress level must be high enough not only at the hot spot but also for some distance 
around the hot spot [7]. Spaggiari et al. [8] proposed a correlation between a classic support factor method [9-11] and 
the theory of critical distance [12-14] in order to predict the fatigue life of a metallic cast structure. The support factor 
method is based on the calculation of an effective stress obtained combining the stress gradient at the hotspot and a 
parameter called “support factor” that is linked to the mechanical and microstructural properties of the material as 
proposed by Siebel et al.[10]. Concerning the theory of critical distance, once the maximal elastic stress at the hot spot 
is calculated, the effective stress is determined as the stress value occurring at a critical distance from the maximal 
stress; the critical distance can be calculated using the method proposed by El Haddad et al. [15]. 
Luu et al. [16] suggested to modify the classical multiaxial fatigue criteria such as Crossland [17] and Dang Van 
[18, 19] with the introduction of stress gradient terms participating both in the normal and shear part of the stress 
tensor. Other criteria are based on a defect approach, the Critical Distance Method [14], for example, describes the 
notch effects on fatigue and it has been demonstrated that works well with small defects [20]. A different approach 
based on the stress gradient in the zone surrounding the defect has been proposed by Papadopoulos [21] and it has 
been used more recently in the Defect Stress Gradient (DSG) criterion proposed by Nadot et al. [22] and generalized 
by Vincent et al. [23]. This criterion has been applied in different previous studies [20, 22-26] in order to assess the 
fatigue life of specimens submitted to multiaxial loadings. 
The purpose of this work is to present a multiaxial fatigue criterion that takes into account the stress gradient effect 
on a cast aluminum component in order to estimate its fatigue life to crack initiation. After a brief description of the 
material used for the cast parts (section 2) the experimental fatigue results will be presented (section 3). Section 4 
describes the numerical simulations showing a comparison between a fatigue criterion based on a gradient approach 
and a classical fatigue criterion based on the local stress in the hot spots. 
 
Nomenclature 
  amplifier of mean stress at point P 
  amplifier of stress amplitude at point P 
t time, s 
ai initial crack length, mm 
af final crack length, mm 
ͳ first invariant of stress tensor, MPa 
ͳǡ maximum value of the first invariant of the stress tensor over a loading cycle, MPa 
ͳ first invariant of the stress tensor at point P, MPa 
ʹǡ amplitude of the second invariant of the deviatoric stress tensor over a loading cycle, MPa2 
P point material or crack initiation site 
R load ratio between minimum and maximum stresses of the loading cycle 
Rp0.2 yield strength at 0.2% plastic deformation, MPa 
Rm tensile strength, MPa 
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αCr material parameter in the Crossland equivalent stress 
βCr material parameter for a given number of cycles N in Crossland criterion, MPa 
υ Poisson’s ratio 
σCr Crossland equivalent stress MPa 
ߪ஽ିଵ௧௘  fatigue strength in tension with the load ratio R=-1 corresponding to 106 cycles, MPa 
ߪ஽଴Ǥଵ௧௘  fatigue strength in tension with the load ratio R=0.1 corresponding to 106 cycles, MPa 
ߪ஼௥׏  equivalent stress including the gradient effect of the structure, MPa 
ߪଵଵ௉כǡ ߪଶଶ௉כǡ ߪଷଷ௉כ components of the stress tensor at point P in the principal coordinate system, MPa 
ߪ௜௝௉ component of the stress tensor at point P corresponding to a unit load, MPa 
ܽ׏ǡ௘௡௧ material parameter describing the gradient effect of the structure, mm 
׏ߪ஼௥ local gradient of the Crossland equivalent stress, MPa*mm-1 
ω angular velocity s-1 
N total number of fatigue cycles 
ܵӖ deviatoric stress tensor, MPa 
ܵӖ௉כ deviatoric stress tensort at point P (principal coordinate system), MPa 
2. Material 
The material used for the structural components of this work is a cast aluminum alloy A357-T6. Its chemical 
composition is given in Table 1. The material of this study has been thermal treated in the T6 condition: heating to 
solution at 540°C for 10h, quenching in cold water, aging at room temperature for 24h, and then aging at 160°C for 
8h. Its monotonic tensile properties are presented in Table 2 [25]. 
The observation of the material with an optical microscope reveals its microstructure at a smaller scale. A357 
aluminum alloy is characterized by a dendritic microstructure; a solid solution of primary α phase surrounded by the 
Al-Si eutectic phase. An important parameter is the Secondary Dendritic Arm Spacing (SDAS). It has been 
demonstrated in several studies that the SDAS size is a parameter influencing the fatigue endurance limit of Al-Si 
casting alloys [27-29]. For example in the work of Iben Houria et al. [29] it has been demonstrated that under torsion 
loading the microstructure of the material characterized by SDAS has a significant effect for a defect free material 
and dictates the fatigue limit. The measurement of the SDAS has been conducted by dividing the distance of several 
secondary dendrite arms by the total number of arms. Only the dendrites with at least 6 arms have been used in the 
estimation in order to reduce the measurement error. A comparison between the microstructure of the material used 
for the structural components and the as received (AR) has been carried out. The data concerning the AR has been 
taken from a previous study in the group (detailed in Mu et al. [25]). In that work the SDAS of 155 dendrites has been 
measured, its size varies between 26 and 57µm following a normal distribution as shown in Figure 1, its average value 
is 38µm with a standard deviation of 6µm. With the same measurement method the SDAS of the material used for the 
structural components has been estimated. It resulted into an average SDAS size of 34µm with a standard deviation 
of 5µm that is perfectly in line with the SDAS estimated for the reference material. Figure 2 shows the microstructure 
of the reference material (Figure 2a) and that of the structural component (Figure 2b). 
 
Table 1. Composition of the A357-T6 (wt.%). 
Si Mg Fe Mn Cu Mn Zn Pb Sn Ti 
7.00 0.56 0.097 <0.015 <0.03 <0.01 <0.01 <0.003 <0.01 0.13 
 
214   Antonio Rotella et al. /  Procedia Engineering  133 ( 2015 )  211 – 222 
 
Fig. 1. Distribution of SDAS size (based on 155 measured results) [25]. 
 
Fig. 2. Microstructure of the cast Aluminium alloy A357-T6 (a) reference material; (b) structural component. 
Table 2. Monotonic tensile properties of the cast aluminium alloy A357-T6 [25]. 
Rm Rp0.2 E υ 
335MPa 275MPa 73GPa 0.3 
3. Experimental results 
3.1. Fatigue test 
Constant amplitude fatigue tests have been performed on the structural components. Figure 3a shows the 
experimental configuration used for the tests. All the components have been tested at room temperature with a constant 
frequency of 2Hz and a load ratio R=0.1. In order to define the end of the test a LVDT captor (Figure 3b) has been 
used. The end of test condition coincides with a clear variation of the displacement amplitude (Figure 3c). This 
variation takes form when the crack is large enough to cause a strong variation of the structure stiffness (Figure 4b). 
The fatigue strength for the structures corresponds to 106 cycles of fatigue loading. The macroscopic initiation site has 
been identified with a Dye Penetrant Liquid surface examination [30]. It has been considered as initiation condition 
the detection of a crack that has a surface length of about 2mm. Figure 4a shows a macroscopic initiation site identified 
with this method. 
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Fig. 3. (a) Experimental configuration used for the fatigue tests; (b) displacement captor; (c) displacement amplitude curve during the test.  
 
Fig. 4. (a) Macroscopic initiation site detected with the Dye Penetrant Liquid surface examination; (b) crack on a failed structure; (c) propagating 
cracks during an intermediate Dye Penetrant Liquid surface examination at about the 80% of total fatigue life. 
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It is important to notice that in all the experimental tests the macroscopic initiation site and the failure always 
occurred in the same zone as showed in Figure 4b. Only in one case another crack appeared during an intermediate 
dye penetrant surface examination but it is not resulted to be critical as showed in Figure 4c. The macroscopic initiation 
site analysis permitted to separate the initiation part of the fatigue life to the propagation part. This distinction is 
important in order to compare the experimental results with a fatigue criterion calibrated for the prediction of the 
initiation part of the fatigue life, as it will be showed in section 4.4. 
Figure 5 shows the results of the experimental tests, the initiation points have been separated from the failure points. 
For the tests where it is has not been possible to experimentally determine the macroscopic initiation site the points 
have been estimated using the same percentage of fatigue life identified experimentally for the same applied load. 
Experimental fatigue results show that an average of 20% of the fatigue life is devoted to crack initiation. 
 
Fig. 5. Results of the experimental fatigue tests. 
3.2. Analysis of fracture surface 
The analysis of the fracture surface has been carried out in order to identify the microscopic initiation sites. The 
fracture surface has been observed after failure. Figure 6a shows a fracture surface observed with an optical 
microscope. As clearly shown, more than one initiation site are presented. In fact it is not evidently visible a single 
point towards which the propagation rivers converge. For a deeper analysis of the fracture surface, SEM images 
have also been taken (Figure 6b). This more accurate analysis confirms that the initiation has not been originated by 
microstructural defect such as a pore, a shrinkage, an oxide or an inclusion. 
 
 
Fig. 6. Fracture surface; (a) optical microscopy; (b) Scanning Electron Microscopy. 
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4. Numerical simulations 
4.1. FEM model 
A finite element model of the structural component has been developed in order to simulate the stress distribution 
and to apply a multiaxial fatigue criterion to estimate the fatigue life of the structure. 
In order to validate geometry and boundary conditions, a static test has been performed on a structural component. 
The purpose of the test has been the measurement of the strain distribution around the macroscopic initiation site with 
two unidirectional strain gages (Figure 7a). The results have been compared with the numerical strain distribution. As 
a result, the difference between the measured value and the simulated value is less than 2%. Another verification has 
been conducted to test the boundary condition applied to the model. During the fatigue test the structure is screwed to 
the fatigue bench, this condition is simulated, in the numerical model, by clamping the structure extremities. Therefore 
a comparison between the amplitude of the displacement measured by the LVDT captor and the simulated one has 
been conducted. Figure 7b shows the displacement amplitude for different levels of applied load. The average 
difference between measured value and simulated value is about 7%. 
 
 
Fig. 7. (a) Strain gages used to measure the strain at different points of the structure; (b) displacement amplitude for different levels of load. 
4.2. Proposed fatigue criterion 
Several authors demonstrated that there is an influence of the stress gradient in the fatigue life assessment of a 
component subjected to high cycle fatigue and that a reliable fatigue criterion must take into account this effect in 
order to be used in the fatigue design of a structural component [1, 3-7, 16,18, 20-29].  
In this part a multiaxial fatigue criterion that takes into account this effect has been proposed. It has also been 
conducted a comparison with a model that does not take into account the gradient effect but that is based only on the 
analysis of the local stress in the hot spots of the structure. The proposed criterion can be written as follows: 
 
ߪ஼௥׏ ൌ ߪ஼௥ െ ܽ׏௘௡௧ ή ׏ߪ஼௥         (1) 
 
ߪ஼௥׏ ൑ ߚ஼௥            (2) 
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where σCr׏  is the equivalent fatigue stress including the gradient effect, σCr is the equivalent Crossland local stress at 
the point where the criterion has to be applied, ׏σCr is the local stress gradient calculated at the point where the 
criterion has to be applied,a׏ent is a material parameter that contains the effect of the stress gradient and ߚ஼௥ is another 
material parameter for given number of cycles N. The equivalent stress σCr involved in the Eq. (1-2) corresponds to 
the equivalent stress of the Crossland criterion [17]. The Crossland equivalent stress is a linear combination of the 
amplitude of the second invariant of the deviatoric stress tensor J2,a and the maximum hydrostatic stress J1,max over a 
loading cycle. 
 
ߪ஼௥ ൌ ඥܬଶǡ௔ ൅ ߙ஼௥ ή ܬଵǡ௠௔௫         (3) 
 
The calculation of J2,a may be done as follows: 
 
ܬଶǡ௔ ൌ ଵଶξଶ௧೔א் ቊ௧ೕא்ටቀܵ
Ӗሺݐ௜ሻ െ ܵӖ൫ݐ௝൯ቁ ǣ ቀܵӖሺݐ௜ሻ െ ܵӖ൫ݐ௝൯ቁ ቋ      (4) 
 
with ധ the deviatoric stress tensor. The value of J2,a  is obtained by a double maximization over the loading period T. 
To avoid heavy computation and to be close to experiments only proportional and sinusoidal loadings have been here 
considered, and the calculations limited within the elastic range. In this case, the stress tensor at a point P of a model 
is (in the geometric coordinate system): 
 
ߪധ௚Ǥ௖௉ ൌ ቌ
ߪଵଵ௉ ߪଵଶ௉ ߪଵଷ௉
ߪଶଵ௉ ߪଶଶ௉ ߪଶଷ௉
ߪଷଵ௉ ߪଷଶ௉ ߪଷଷ௉
ቍ ൫݇௔௩௚௉ ൅݇௔௠௣௉ ή ݏ݅݊߱ݐ൯       (5) 
 
where σijP is the component of the stress tensor at point P corresponding to a unit load. kavg
P  and kamp
P  are the amplifiers 
of the mean stress and the stress amplitude, Z is the angular frequency and t is the time. The stress tensor can be 
transferred from geometric coordinate system to the principal coordinate system in order to simply its form. In the 
principal coordinate system, there are only three nonzero components  σ11P* ,σ22P* ,σ33P* . For a load with an angular 
frequency ω=2πs-1 and the loading period T=1s, each component of the deviatoric stress in the principal coordinate 
system reaches its maximum (or minimum) value when t=0.25s (or ωt=π/2), and minimum (or maximum) value when 
t=0.75s (or ωt=3π/2). Thus, for a proportional sinusoidal load and if the calculation is limited in elasticity Eq. (4) can 
be simplified as follows: 
 
ܬଶǡ௔ ൌ ଵଶξଶට൬ܵӖ௉כ ቀ
்
ସቁ െ ܵӖ௉כ ቀ
ଷ்
ସ ቁ൰ ǣ ൬ܵӖ௉כ ቀ
்
ସቁ െ ܵӖ௉כ ቀ
ଷ்
ସ ቁ൰      (6) 
 
The first stress invariant at point P, J1P can be written: 
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ܬଵ௉ ൌ ఙభభ
ುכାఙమమುכାఙయయುכ
ଷ ሺ݇௔௩௚௉ ൅ ݇௔௠௣௉ ή ݏ݅݊߱ݐሻ        (7) 
 
J1P also varies sinusoidally. It reaches its maximum value when t=T/4 or t=3T/4. So we can store the values for these 
two instants and compare them to obtain J1,max : 
 
ܬଵǡ௠௔௫ ൌ ቀܬଵ௉ ቀ்ସቁ ǡ ܬଵ௉ ቀ
ଷ்
ସ ቁቁ         (8) 
4.3. Identification of the parameters 
In order to calculate the Crossland equivalent stress and to apply the fatigue criterion it is necessary to determine 
three material parameters. The first two (αCr and ߚ஼௥) are derived from tensile fatigue limits of the reference material 
at load ratios R=0.1 and R=-1. The tensile fatigue tests have been conducted using the “step loading” procedure [30] 
and moderating the Wöhler curves using the Basquin’s law. In order to be coherent with the experimental tests carried 
out on the structural components, the fatigue strengths of the reference material have been obtained at 106 cycles. 
Furthermore the curves of the reference material have been recalculated to isolate only the initiation part of the fatigue 
life. This can be determined by integrating the Paris Law [32] between the initial crack length (ai=1mm) that has been 
considered the same between structure and specimens and the final crack length (af=5mm) that corresponds with a 
half of the specimen diameter. In the work of Serrano-Munoz [27] it has been observed, for the same material of this 
study, that the long crack growth rate obtained on CT specimens is similar to the small cracks one obtained on 
cylindrical specimens, therefore the Paris Law can be used for the fatigue results obtained on cylindrical samples. 
Figure 8a shows the fatigue results obtained for the load R=0.1 and R=-1 for the cylindrical specimens, the fatigue 
curves are moderates according to the Basquin’s law, it results that for a number of cycles N=106 the amplitudes of 
the fatigue strength for both load ratios corresponds to:ߪܦെͳݐ݁ ൌ ͳͳʹܯܲܽ, ߪ஽଴Ǥଵ௧௘ ൌ ͹͵ܯܲܽ. In order to estimate the 
parameters αCr and ߚ஼௥  Eq. (9) can be followed. 
 
ቐ
ఙವషభ೟೐
ξଷ ൅ ߙ஼௥ ή
ఙವషభ೟೐
ଷ ൌ ߚ஼௥
ఙವబǤభ೟೐
ξଷ ൅ ߙ஼௥ ή
ଶ
ଵି଴Ǥଵ ή
ఙವబǤభ೟೐
ଷ ൌ ߚ஼௥
         (9) 
 
Once the parameters αCr  and ߚ஼௥  are identified for a fixed number of cycles N=106, the next step is the 
identification of a׏ent. Concerning the evaluation of the stress gradient it is necessary to test a notched specimen in 
order to determine its tensile fatigue strength (at N=106). The characteristics of the notch must be such as to replicate 
the stress gradient in the macroscopic initiation site of the structure. The estimation of the parameter a׏ent is conducted 
following the Eq. (10) that is obtained transforming the fatigue criterion of Eq. (1). 
 
ܽ׏ǡ௘௡௧ ൌ ఙ಴ೝିఉ಴ೝ׏ఙ಴ೝ           (10) 
 
The two terms σCr and ׏σCr of Eq. (10) are referred to the specimen, their calculation is carried out using a finite 
element simulation on a representative model of the specimen geometry. The values of the three parameters are 
resumed in Table 3. 
Table 3. Material parameters estimated for the multiaxial fatigue criterion. 
ߙ஼௥  ߚ஼௥  ܽ׏ǡ௘௡௧ 
1.36 116 MPa 0.92 mm 
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Figure 8b shows the equivalent stress gradient of the structure in the macroscopic initiation site and of the notched 
specimen used to identify a׏ent obtained with the finite elements simulations. It is important to notice that the stress 
gradient used for the identification is the local gradient. As shown in Figure 8b, the stress distribution along the 
thickness is different between the structure and the specimen, and this is due to the geometry difference far from the 
notch and especially to the non-homogenous stress repartition in the structure. The gradient has been calculated in 
both cases along the normal direction to the tangent plan in the hotspot. 
 
 
Fig. 8. (a) Wöhler curves for the cast aluminium alloy A357-T6 with two different load ratios; (b) equivalent stress distribution along the thickness 
of the structure (blue) and of the notched specimen (red). 
 
4.4. Comparison between numerical simulations and experimental results 
Once the three parameters αCrǡ ߚ஼௥and a׏ent are determined it is possible to apply the multiaxial fatigue criterion 
to estimate the fatigue life to initiation of the structure. Figure 9a shows the obtained numerical result compared with 
the experimental results. The solid line represents the simulation with a model that follows a local approach (the 
Crossland equivalent stress in the critical point without any gradient correction). It can be observed that this criterion 
is very conservative and it is far from the experimental points. The broken line is referred to the proposed criterion 
with the stress gradient correction; it can be observed that the curve is closer to the experimental points. An error 
analysis has been carried out (Figure 9b), by comparing the equivalent Crossland stresses between the numerical 
model and the experimental points. It resulted that the proposed criterion has an average absolute error of about 20% 
on the Crossland equivalent stress. The obtained result shows that the effect of the equivalent stress gradient is an 
important parameter to take into account in order to obtain a more reliable and less conservative fatigue criterion. 
It is worth to notice that the criterion has been applied on a structure with a “as cast” surface finish and that all the 
material parameters have been estimated using experimental results obtained on specimens with a machined surface 
finish. Assuming the effectiveness of the stress gradient criterion proposed, it is possible to conclude that the material 
have the same fatigue limit for the “as cast” surface and the machined surface (the microstructure is the same). 
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Fig. 9. (a) Results of the numerical simulations compared with the experimental points; (b) error analysis. 
Conclusions 
Constant amplitude fatigue tests with load ratio R=0.1 have been performed on structural components in A357-T6 
aluminum alloy. A comparison between a local approach and a stress gradient criterion has been carried out. The 
material parameters used in the proposed fatigue model have been identified on defect free specimens (R=0.1 and R=-
1) and notched specimens (R=0.1). The fatigue strength of the material has been identified using the “step loading” 
procedure and moderating the Wöhler curves by using a Basquin’s law. 
x An accurate Dye Penetrant Liquid surface analysis showed that the macroscopic initiation site of the crack is 
always in the same zone. Concerning the microscopic scale, the observation of the fracture surfaces showed 
that there is no defect at the origin of the failure. 
x The finite element model used to simulate the stress distribution on the structural component has been validated 
by means of a comparison with a static test supported by a strain gage analysis on the macroscopic initiation 
site. The comparison shows that the difference among the simulated values and the measured values in the 
failure zone is less than 2%. 
x A fatigue criterion based on the stress gradient effect has been proposed. It has been used to simulate fatigue 
life to initiation of the components. The result shows that the model approximates the experimental points with 
an average error of the 20% on the Crossland equivalent stress. The proposed model has been compared with 
a local approach based only on the Crossland equivalent stress in the hot spot of the structure. The result shows 
that the gradient effect must be taken into account because the evaluation of the hot spot stress is very 
conservative, in fact in this case the average error is 100%. 
x The proposed fatigue criterion has been calibrated using three material parameters that have been estimated 
using specimens with a machined surface condition and has been applied on structural component with the 
same microstructure of the as received material but with an “as cast” surface state. The identification has also 
been conducted using notched specimens with the same stress gradient of structure in the failure zone. 
Excluding the presence of residual stresses, this result can bring one to the conclusion that the material presents 
the same fatigue limit for the “as cast” surface and the machined surface. 
The proposed criterion needs to be improved in order to take into account the effect of the defects. The purpose of 
further works is to extend the validity of a model that is based on the stress gradient in presence of defects such as 
the DSG criterion on structures. The attention will be focused not only on spherical and elliptical defects but also 
to the complex morphologies of natural casting defects with the introduction of experiments supported by X-ray 
tomography. 
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